An investigation was carried out to measure the heat susceptibility of opportunistic mycobacteria frequently isolated from domestic water supply systems. The study was conducted under standardized conditions designed to resemble those found in oligotrophic aquatic habitats. Strains of the following species were tested: Mycobacterium avium, M. chelonae, M. fortuitum, M. intracellulare, M. kansasii (two strains), M. marinum, M. phlei, M. scrofulaceum, and M. xenopi. Suspensions of the test strains were exposed to temperatures of 50, 55, 60, and 70°C; samples were taken at defined intervals to determine the concentration of survivors. From these data, the decimal reduction times were calculated for each test strain and test temperature. The results indicate that M. kansasii is more susceptible to heat than Legionella pneumophila, whereas the heat susceptibilities of M. fortuitum, M. intracelulare, and M. marinum lie in the same order of magnitude as that of L. pneumophila. The strains of M. avium, M. chelonae, M. phlei, M. scrofulaceum, and M. xenopi were found to be more thermoresistant than L. pneumophila, with the highest resistance being found in M. xenopi. Thermal measures to control L. pneumophila may therefore not be sufficient to control the last five mycobacterial species in contaminated water systems.
Mycobacteria not belonging to the Mycobacterium tuberculosis complex are often referred to as nontuberculous mycobacteria (NTM) and include opportunistic species which may cause disease, especially in immunodeficient persons and in persons with underlying chronic conditions (6, 12, 14, 20, 23) . During the 2-year period from October 1981 to September 1983, a prevalence of 1.78 cases of disease due to NTM per 100,000 people in the United States was estimated (20) . That study did not include patients with AIDS, 15 to 24% of whom have disseminated infections due to organisms of the M. avium complex (14) .
Human infections with NTM do not usually occur through person-to-person contact but rather occur through ingestion, inhalation, or inoculation of the organisms from environmental sources such as water (6, 12, 14, 23) . Mycobacteria that colonize public and domestic water supply systems have been associated with human NTM infections (6, (8) (9) (10) 15) . This association became particularly evident in nosocomial outbreaks. A series of 19 cases of pulmonary disease due to M. xenopi between 1969 and 1977 was identified in a hospital in Connecticut. The cases were associated with the recovery of the organism from the hospital water system (7) . Seventeen cases of otitis media caused by M. chelonae occurred among the patients of an ear, nose, and throat practice in Louisiana between May and September 1987. Tap water used for cleaning otologic instruments was suggested as the vehicle if not the source of infection (16) . Another found that temperatures between 52 and 57°C encourage the proliferation of M. avium in hospital water supplies and recommended raising the temperature of hot-water systems to reduce exposure to organisms of the M. avium complex. Two other studies (17, 33) found that M. kansasii colonized cold-water systems and mixer taps, whereas M. xenopi predominated in hot-water systems and mixer taps. This phenomenon was attributed to the thermophilic nature of M. xenopi. However, the authors remarked "that there seems to be no information about the thermal resistance of the various species" of mycobacteria (33) .
Chemical disinfection to eliminate mycobacteria from water systems often fails because of the marked resistance of the organisms to disinfectants (1, 6, 21, 22) . Chlorine concentrations of up to 1 mg/liter do not effectively control M. avium in public water supply systems (21) . In a wastewater reclamation facility, the continuous exposure of reverse osmosis membranes to at least 10 to 15 mg of free available chlorine per liter did not prevent the accumulation of viable mycobacteria on the membrane surfaces during a period of 63 days (22) .
Thermal measures must be considered as alternative methods for controlling mycobacteria in water systems. The object of this study was therefore to measure the heat susceptibility of opportunistic mycobacteria frequently isolated from water. The study was carried out under standardized in vitro conditions designed to resemble those found in oligotrophic aquatic habitats.
MATERIALS AND METHODS
Test strains. Medium and culture conditions. Middlebrook 7H10 agar (catalog no. 0627-01-2; Difco) supplemented with oleic acidalbumin-dextrose-catalase (OADC) enrichment (catalog no. 0722-72; Difco) (7H10-OADC agar) was used for subculturing test strains and for inoculation of the suspended organisms after heat treatment. Poured into petri dishes, the medium was stored at 2 to 6°C for up to 2 weeks prior to inoculation. Inoculated petri dishes were incubated at 37°C in a humidified atmosphere. The incubation period after heat exposure was 8 weeks for all strains except M. xenopi, which was incubated for 12 weeks.
Suspension of colony material. The test strains were suspended in sterile water of standardized hardness (WSH). WSH was produced by adding 17.5 ml of a 10% (wt/vol) aqueous solution of CaCl2. 6H20 and 5 ml of a 10% (wt/vol) aqueous solution of MgSO4. 7H20 to 3,300 ml of doubledistilled water (2) . Colony material was transferred into a test tube containing 5 ml of WSH and three glass beads 4 mm in diameter, with care taken not to add any growth medium. The colony material was suspended on a vortex mixer for 3 min. The remaining cell aggregates were then allowed to settle for 30 min to obtain a uniform size distribution of aggregates within the suspensions. After sedimentation, the supernatant was transferred into another test tube and diluted with WSH to a 1.0 McFarland standard (approximately 108 CFU/ml).
Determination of aggregate size distribution. The effect of sedimentation on the size distribution of cell aggregates was studied with suspensions of all test strains; the effect of heat exposure was studied with suspensions of M. fortuitum (55 and 60°C) and M. phlei (50°C). The percentages of aggregates with diameters of <1 ,um, between 1 and 25 FLm, and >25 ,um were determined by direct microscopic analysis of the suspensions, using a Neubauer counting chamber which is normally used for microscopic blood cell counts (catalog no. 7178 10; Brand Co.).
Starvation of test strains. After suspension in WSH, the test strains were starved for 24 h at 22°C. Before further processing, the suspensions were mixed.
Heat susceptibility testing. Before heat exposure (t = 0), a serial dilution of each suspension of starved bacteria was plated on 7H10-OADC agar to determine the original concentration in CFU per milliliter. Heat susceptibility tests were carried out in triplicate at 50, 55, 60, and 70°C. For each test strain, three glass beakers, each containing 99 ml of sterile WSH, were placed into a covered water bath at one of the test temperatures. When the WSH inside the beakers had reached the test temperature, 1 ml of the test strain suspension was added to each of the three beakers. The suspension inside the beakers was then stirred; care that no drops of the suspension adhered to the glass walls was taken. During heat exposure, 1-or 0.1-ml samples were taken at specified times. These samples and 10-fold serial dilutions in sterile WSH were inoculated on 7H10-OADC agar and incubated as described above.
Evaluation. After incubation, colonies were counted, and the mean number of CFU per milliliter was calculated for each test strain and exposure time. From these data, inactivation curves were produced for each test strain by plotting the number of CFU per milliliter against the exposure time at a particular temperature. The experiments were designed to ensure that each of these curves was characterized by at least three (in most instances four or five) datum points obtained during heat exposure. When plotted on a semilogarithmic scale, the inactivation curves were usually straight lines. The slope of these lines, as determined by linear regression analysis, was expressed in terms of decimal reduction times (D). D is a direct measure of the heat resistance of an organism at a given temperature and corresponds to the time needed to inactivate 90% of the bacterial population (28) . The reciprocal of D may be regarded as a measure of heat susceptibility.
Plotted on a semilogarithmic scale with temperature on the x axis, the D values of the test strains were arranged in straight lines as depicted in Fig. 1 . The slope of these decimal reduction time curves (D curves), as determined by linear regression analysis, was expressed in terms of their ZD values, which are defined by the formula ZD = (T1 -T2)1 (log D2 -log D1), where D2 is the D value corresponding to temperature T2 and D1 is the D value corresponding to temperature T1 (19) .
The ZD values were determined on the basis of the D values in Table 1 which are not marked with footnote b. They may be described as the number of degrees Celsius required for the D curve to pass through one logarithmic cycle, i.e., the elevation of temperature in degrees Celsius necessary for a 90% reduction in the time of heat exposure (19, 28 Table 2 .
DISCUSSION
Measurements of the heat susceptibility of bacteria are associated with a number of methodological difficulties, including (i) influences of the medium in which the test organisms are grown and the environment in which they are exposed to heat, (ii) the need for a uniform size distribution of cell aggregates in order to obtain comparable and reproducible results, and (iii) the need for precise measurements of the time of heat exposure. In the present study, these difficulties were overcome (i) by choosing standardized test conditions resembling those of oligotrophic aquatic habitats, (ii) by submitting the suspensions to a 30-min sedimentation period before heat susceptibility testing, and (iii) by deciding not to use the test tube immersion method described by other authors (29) since there is a time lag necessary for the heat to penetrate through the test tube walls. Comparison of the six D values in Table 1 which were determined in duplicate shows that these measures resulted in a sufficient degree of reproducibility. When plotted separately on the graphs in Fig. 1 , the two datum points of each of these six D values were so close to each other that the profile of the D curves was not significantly affected.
The D values found in this study reveal considerable differences in the heat susceptibilities of the test strains. At 55°C, D ranged between approximately 6 h for M. xenopi and 6 min for the water isolate of M. kansasii. Between these two extremes, M. phlei was found to be relatively thermotoler- (17, 25, 33) . In the field, the effect of temperature on the presence of different species of mycobacteria will have to be determined by studying the temperatures at which these species have been recovered. Considering the time of 2 to 4 months needed for the isolation and differentiation of mycobacteria, as well as the peculiarities of the geographic distribution of mycobacterial species in the environment (11, 17) , such a field study would be too expensive and time-consuming. We therefore chose to conduct this study under in vitro conditions and to draw practical conclusions by comparing our results with results obtained by using thermal measures to eliminate Legionella pneumophila from water systems. This comparison seems to be justified because of similar discrepancies between in vitro and field observations of the heat susceptibility of L. pneumophila (26, 27, 29) . In addition, similar surface colonization patterns have been described for mycobacteria and legionellae (5, 17, 24, 25, 33, 34) .
Raising the water temperature to 60°C usually results in a significant reduction of L. pneumophila concentrations in contaminated hot-water supply systems (18, 26) . This measure has been described as an effective means of reducing epidemic cases of nosocomial legionellosis (18) . Among the principal measures for the prevention and control of legionellosis, several national and international organizations (3, 30, 32) recommend (i) raising the temperature of stored hot water to 60°C and (ii) ensuring that the hot water is kept above 50°C up to every point of use. We postulate that these measures may be equally effective against mycobacterial species that are just as heat susceptible as or even more heat susceptible than L. pneumophila. Figure lc shows the D curve of a naturally occurring strain of L. pneumophila which was tested for heat susceptibility by methods similar to those described in this article (27) . Another study, using the test tube immersion method, found no significant differences between the D values of eight different serovars of L. pneumophila. At 60°C, D ranged between 138 and 300 s (29) . According to the findings presented in Fig. 1, M . kansasii is more susceptible to heat than L. pneumophila, whereas M. fortuitum, M. intracellulare, and M. marinum are equally susceptible in the temperature range between 55 and 60°C. M. avium, M. chelonae, M. phlei, M. scrofulaceum, and M. xenopi, however, were found to be more heat resistant than L. pneumophila. Thermal measures against legionellae are therefore expected to be insufficient for the decontamination of water systems colonized with organisms of the latter group of mycobacteria. This applies especially to M. xenopi.
